The Hippo pathway plays a crucial role in controlling organ size by inhibiting cell proliferation and promoting cell death. Recent findings implicate that this pathway is involved in the process of intestinal regeneration and tumorigenesis. Here we summarize current studies for the function of the Hippo signaling pathway in intestinal homeostasis, regeneration and tumorigenesis, and the crosstalk between the Hippo signaling pathway and other major signaling pathways, i.e. Wnt, Notch and Jak/Stat signaling pathways in intestinal compartment.
INTRODUCTION
The primary functions of the intestinal tract are the digestion of food and the absorption of nutrients. Having a direct exposure to the environment, the intestinal tract is frequently challenged by pathogens and other potentially toxic substances contained in food and water. Because of this constant exposure to environmental insults, the intestinal epithelium must be capable of rapid regeneration in the event of tissue damage. Defective regeneration in response to inflammatory and infectious diseases will not only disrupt normal intestinal homeostasis and architecture but is likely to be rapidly fatal (van der Flier and Clevers, 2009 ). The Hippo pathway, a critical signaling pathway for controlling cell proliferation and apoptosis in response to cell-cell contact, has been shown to play a very important role in both intestinal repair and tumorigenesis (Camargo et al., 2007; Cai et al., 2010; Karpowicz et al., 2010; Ren et al., 2010; Zhou et al., 2011) . The Hippo pathway, originally indentified in Drosophila as a negative regulator of organ size, is highly conserved in mammalian epithelia. As originally defined in Drosophila, the pathway contains a core pair of protein kinases, Hippo (Harvey et al., 2003; Wu et al., 2003) and Warts (Wts)/Lats (Justice et al., 1995) , coupled by the scaffold protein Salvador (Sav) (Tapon et al., 2002) . The other core elements are the Hippo substrate Mats (Lai et al., 2005) , a Warts activator and Yorkie (Yki) (Huang et al., 2005) , a Warts/Lats substrate and transcriptional coactivator that binds to the Scalloped/TEAD transcription factor, enhancing expression of proliferative and pro-survival genes. The primary function of the Hippo signaling pathway is to inhibit the activation of Yki, inasmuch as deletion of Yki reverses the overgrowth phenotypes seen with loss of Hippo, Warts/Lats, Salvador or Mats. In mammals, their counterparts are Mst1/2 (Creasy and Chernoff, 1995) , Sav1/WW45, Large tumor suppressor (Lats1/2) (St John et al., 1999) , Mob1A/B (Luca and Winey, 1998) , the Yes-associated protein (Yap) (Sudol, 1994) and its paralogue TAZ, another co-activator (Kanai et al., 2000) . Sav1/WW45 is a WW domain-containing scaffold protein that binds Mst1/2 and Lats, through their respective SARAH coiled coil domains, thereby promoting Mst1/2 phosphorylation of Lats (Hwang et al., 2007) . Mst1/2 also phosphorylates Mob1A/B Praskova et al., 2008) , which enhances Mob1's ability to bind and activate Lats1/2. Lats1/2 phosphorylates YAP (or TAZ, depending on the cellular context), which promotes 14-3-3 binding to YAP, causing YAP nuclear exit, and thus inhibition of its function. Loss of Mst1/Mst2 results in a YAP dependent accelerated proliferation, resistance to apoptosis and massive organ overgrowth (Dong et al., 2007; Heallen et al., 2011; Huang et al., 2005; Lee et al., 2010; Lehtinen et al., 2006; Zhou et al., 2008; Zhao et al., 2007 Zhao et al., , 2008 Lu et al. , © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 2010; Song et al., 2010; Schlegelmilch et al., 2011) , a phenotype that resembles transgenic overexpression of YAP (Ser127Ala) (Camargo et al., 2007) . Global expression of this Lats-resistant YAP mutant in mice leads to expansion of progenitor cells in multiple organs (Camargo et al., 2007) . Overall, both in flies and mammals, the Hippo pathway plays a crucial role in limiting organ size, by promoting the inhibition of cell proliferation upon cell-cell contact and in suppressing tumorigenesis by inhibiting cell proliferation and promoting cell death
FUNCTION OF THE HIPPO SIGNALING IN INTESTINAL HOMEOSTASIS, REGENERATION AND TUMORIGENESIS
Partially digested food is released from the stomach into the small intestine for further digestion and nutrient absorption. The functional unit of small intestinal epithelium is the villus, finger-like projections composed of four kinds of differentiated cells that arise from the intestinal stem cells (ISCs) located at the base of the villus, i.e. the crypts of Lieberkühn. In the crypt, ISCs differentiate into transit-amplifying (TA) cells, which thereafter develop into two main types of differentiated cells: the absorptive cells or enterocytes (ECs) and the secretory cells (goblet cells, enteroendocrine (EE) cells, Tuft cells and Paneth cells). The epithelial lining of the intestine is highly dynamic, as those differentiated cells migrate upward from crypt into the villus tip, from which they are shed into the intestinal lumen. The complete turnover time of epithelial cells is about 4 to 5 days. The epithelium of the large intestine also arises from stem cells in crypts but is arranged as a flattened surface without extending villi (Crosnier et al., 2006; Van der Flier et al., 2007; Barker et al., 2010) .
In the small intestinal and proximal colonic epithelium of the normal mouse, YAP protein is found in the crypts together with a high abundance of constitutively activated 36-kDa Mst1 polypeptide; the function of YAP is thereby kept largely inactive . In the colon, although YAP1 is detectable in the nucleus of crypt cells, elimination of Yap1 does not diminish the abundance of Ki67 ＋ cells in this compartment, indicating that YAP is not driving the proliferation of these cells . Consistent with this view, biallelic deletion of YAP causes no obvious intestinal defects under normal homeostasis (Cai et al., 2010; Zhou et al., 2011) . These findings indicate that under normal conditions YAP is largely dispensable and makes little or no contribution to intestinal epithelial proliferation. This situation is different from that in ES and iPS cells, in which YAP is expressed and required for maintaining pluripotency (Lian et al., 2010) . However, when the Hippo pathway is inhibited in intestinal epithelia, intestinal epithelial homeostasis is disrupted. Conditional knocking out of Mst2 kinase in the intestinal epithelial cells of Mst1 null mouse (Mst1null/Mst2ff/villin-Cre) results in an expansion of stem-like undifferentiated cells and an almost complete absence of all secretory lineages ( Fig. 1 ) . The loss of Mst1/2 in the intestine decreases phosphorylation of YAP (Ser127 and Ser384) and causes an increase in both YAP abundance and nuclear localization. Mst1null/Mst2ff/villin-Cre mouse phenotype is similar to the transgenic mice overexpressing YAP (Ser127Ala) in the small intestinal compartment, wherein intestinal dysplasia and loss of goblet and Paneth cells are also observed (Camargo et al., 2007) . The hyperproliferation and loss of differentiation caused by the MST1/2 deficiency can be entirely reversed by deleting a single YAP allele in Mst1null/ Mst2ff/villin-Cre mouse . The deletion of another Hippo pathway component, Salavador/WW45, in mouse intestinal epithelial cells also results in increased YAP abundance and crypt expansion in the affected mice, but to a much milder degree compared to that in the Mst1null/Mst2ff/ villin-Cre mice. The hyperplasia of Savl1-deficient crypts can also be completely reversed by the loss of YAP. However, it is not clear whether Salavador/WW45 deficiency in the intestine has any defects on matured secretory cells (Cai et al., 2010) . The Drosophila midgut, a functional equivalent of the small intestine of mammals, is well characterized, and so provides an attractive model to investigate how intestinal stem cell proliferation and differentiation are regulated (Casali and Batlle, 2009 ). The simple pseudostratified epithelium of the midgut consists mainly of large polyploidy epithelial cells (ECs), some interspersed diploid EE cells, enteroblasts (EBs), a committed but undifferentiated compartment, and basally located ISC. ISC self-renewal produces an identical daughter ISC along with immature diploid progenitor EB cells, which undergo no further transit divisions and can produce either EC (90%) or EE (10%) cells. ISC is the only cell in the adult midgut that proliferates (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . As in mouse intestine, the endogenous levels of Yki in the fly midgut epithelium are not required for maintaining intestinal homeostasis. Warts is normally activated in ECs and needs to be active there to prevent excess ISC proliferation (Staley and Irvine, 2010) . Activation of Yki throughout the adult fly resulted in a profound hyperplasia of the intestine with many tightly packed cells and a thicker intestinal epithelium that is accompanied by an apparent increase in ISCs proliferation (Staley and Irvine, 2010) . Knockdown of Hippo, Warts, Mer, Expanded (ex) and Fat in ISC produced an increase in ISC/EB frequency and ISC division in the midgut (Karpowicz et al., 2010) . However, unlike the mouse intestine, loss of Warts or overexpression of Yki does not block the terminal differentiation, although it does increase the number of proliferating ISCs (Shaw et al., 2010) .
Upon exposure to pathogens, chemical and mechanical injuries, or under disease conditions, the damaged intestinal tissue needs to rapidly shift from normal epithelial turnover to regeneration. This transition has to be well controlled or it could result in pathological conditions; if insufficient, it results in tissue atrophy and deterioration, whereas excessive or unrestrained regeneration may foster tumor growth. Inhibition of the Hippo signaling pathway appears to be a central feature of the intestinal regenerative response. Although YAP is dispensable for the normal mouse intestinal homeostasis, it is required for tissue regeneration caused by injury (Cai et al., 2010) . YAP protein is dramatically increased in the crypts of the recovery phase from the DSS treated mice. Following the DSS treatment, the conditional knock out of YAP with villin-Cre mouse shows a dramatic increase in mortality rate and rapid decrease in body weight compared with the control littermate (Ren et al., 2010) . Overexpression or activation of Yki in ISCs or ECs can both increase ISC proliferation. Yki is specifically required in ISCs/EBs for the ISC proliferation stimulated by DSS in flies (Ren et al., 2010) , and it can also be activated in ECs by the DNA damaging agent bleomycin, which further induces a regenerative response in the ISC by a nonautonomous manner (Staley and Irvine, 2010) .
Colon cancer is commonly associated with persistent inflammatory states and the consequent ongoing regenerative response. Loss of control over normal tissue repair or renewal mechanisms will lead to malignant transformation (van der Flier and Clevers, 2009; Terzic et al., 2010) . YAP is frequently overexpressed in common human cancers (Steinhardt et al., 2008; Zhou et al., 2009; Wang et al., 2011; . The activation of YAP/Yki for regulating ISC regeneration in response to environmental challenge indicates that a deficiency of Hippo signaling may also contribute to tumorigenesis in intestines. Indeed, the mice with Mst1/Mst2 deletion in intestinal epithelia develop colonic adenomas within 3 months of birth; this rapid occurrence suggests that those polyps might evolve into invasive and/or metastatic cancer, an outcome precluded by the wasting and early mortality of these mice (Fig. 1) . Mice lacking intestinal expression of Sal/WW45 show a milder phenotype with an average of 1-2 adenomas at 13 months. However, when exposed to DSS-induced injury and repair, the mice with Sav1-deficient intestinal epithelium show a greatly exacerbated tumorigenesis compared with DSStreated normal mice, and this enhanced tumorigenicity is YAP dependent (Cai et al., 2010) . Both studies show that adenoma development in the colon depends on the activation of YAP. Notably, a very high prevalence of Yap1 overexpression is found in human colonic cancers and derived cancer cell lines (Steinhardt et al., 2008; Zhou et al., 2011) . Depletion of Yap1 in colon cancer-derived cell lines that overexpress Yap1 results in a strong inhibition of their proliferation in vitro © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 and suggests that Yap1 is likely to be an important driver in human colon cancers .
EFFECTS OF THE HIPPO PATHWAY ON WNT, NOTCH AND JAK/STAT SIGNALING PATHWAYS IN INTESTINAL COMPARTMENTS
Several conserved signaling pathways including Notch, Wnt and Jak/Stat regulate the maintenance, proliferation, and differentiation of ISCs (Jarriault et al., 1995; Lin et al., 2008; Jiang et al., 2009; Miyamoto and Rosenberg, 2011) . Classical Wnt signaling and β-catenin transcritional activity are very important for the maintenance and expansion of undifferentiated progenitor cells in the small intestine. Notch signaling assists Wnt in promoting ISC proliferation and also independently negatively regulates epithelial differentiation and maintenances of undifferentiated progenitor/stem cells. In contrast, the Jak/Stat signaling pathway is the critical mediator of damage-induced ISC proliferation.
In Drosophila, Yki has been shown to bind and presumably sequester Dishevelled (Dsh) in the cytoplasm, thereby interfering with the ability of Wnt to disrupt the β-catenin destruction complex, and then further promote activation of Armadillo, the fly β-catenin orthologue (Varelas et al., 2010) . The inactivation of the Hippo pathway to promote the hyperproliferation of intestinal stem cells and to inhibit intestinal epithelial differentiation is attributed largely to an enhancement of β-catenin action and activation of Notch signaling. In Mst1null/Mst2ff/villin-Cre mice, although the overall abundance of nuclear β-catenin in the intestine is unchanged, the β-catenin transcriptional efficacy is increased which is evident by the increased abundance of the activated form of β-catenin (dephosphoSer37/Thr41) and Wnt targets Lgr5 and Ascl2, both of which are stem cell markers in the intestine . Camargo et al. also showed that YAP1-induced intestinal dysplasia is accompanied with increased amounts of nuclear β-catenin (Camargo et al., 2007) . The overexpression of activated YAP1 in the intestine results in an expansion of the compartment expressing the EphB2 receptor, which is the target gene of the Wnt pathway and is involved in correctly positioning Paneth cells (Camargo et al., 2007) . Depletion of YAP in SW480 cells reduces β-catenin dependent transcriptional activity by over 80% . In Caco colorectal cancer (CRC) cell lines, endogenous YAP can be co-precipitated with β-catenin and phosphorylation of YAP at Ser127 is required for this association. β-catenin is retained in the cytoplasm through its binding to the phosphorylated YAP. Furthermore, compared to CRCs with high activity of Hippo signaling or normal colon cells, CRCs with low activity of Hippo signaling have increased expression levels of β-catenin/TCF-target genes (ENC1, MYC, SOX9, CD44, LGR5, and ASCL2), which play a crucial role in controlling intestinal homeostasis (Imajo et al., 2012) . Thus, the Hippo pathway might inhibit multiple steps in Wnt/ β-catenin signaling: (1) Dvl phosphorylation, (2) nuclear accumulation of β-catenin, and (3) transcription of β-catenin/ TCF-target genes (Varelas et al., 2010; Imajo et al., 2012) .
Independently of Wnt signaling, Notch plays an essential role in regulating epithelial differentiation and maintaining stem and progenitor cells in the intestine (Jarriault et al., 1995; Miyamoto and Rosenberg, 2011) . The absence of differentiated cells in the Mst1/2 null intestine or the Yap overexpressed intestine suggests activation of the Notch signaling pathway results from the inactivation of Hippo signaling . Hairy and enhancer of split 1 (Hes1), a Notch target gene, is normally expressed only by the undifferentiated crypt progenitor cell population; however, the Hes1 expressing cell compartment was expanded to all epithelial cells along the villi in mice transgenically overexpressing YAP (ser127Ala) (Camargo et al., 2007) . In these transgenic mice, induction of YAP1 in the presence of the γ-secretase inhibitor, dipenzazepine (DBZ), leads to a much less dysplastic phenotype in the intestine with decreased proliferation and the presence of goblet cells and differentiated enterocytes (Camargo et al., 2007) . Thus, YAP1-mediated expansion of intestinal progenitor cells at least partially relies on activation of the Notch signaling pathway. Strong activation of the Notch signaling pathway is also evident in the intestine of Mst1null/ Mst2ff/villin-Cre mouse. The increased expression of the Notch ligand Jagged 1, mediated possibly in part through up-regulated Wnt signaling (Pannequin et al., 2009; Rodilla et al., 2009) , is found in Mst1/Mst2 deficient intestine. The intranuclear Notch intracellular domain (NICD) is increased along the entire epithelial surface of the Mst1/2 null intestine, and furthermore, the abundance of Hes1 is also up-regulated in both the small and large intestines of this mouse .
In Drosophila, when ECs are subjected to apoptosis, enteric infection, or JNK-mediated stress signaling, they produce cytokines (Upd, Upd2, and Upd3) that activate Jak/Stat signaling in ISCs, promoting their rapid division (Jiang et al., 2009 ). The increased injury-induced JNK signaling can also drive Yki activation. Warts RNAi or Yki overexpresion in ECs induced an increase in the expression of Socs36E, a Jak/Stat pathway target gene, suggesting that loss of Hippo signaling or excessive Yki activity might result in elevated Jak/Stat (Ren et al., 2010) . These findings suggest a link between these two pathways in mediating the proliferative stress response. Hippo signaling exhibits both autonomous and nonautonomous influence on the proliferation of ISCs, although either the autonomous or non-autonomous effect is more emphasized in certain studies using different experimental systems (Karpowicz et al., 2010; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine, 2010) . Activation of Yki in ECs promotes ISC proliferation and intestinal hyperplasia by inducing expression of Upd genes which are secreted from ECs and then activate the Jak/Stat pathway in ISCs to promote their proliferation and differentiation. On the other hand, when Yki is overexpressed in ISCs, it also regulates the expression of the upd cytokines in ISCs, and then activates Jak/Stat signaling in ISCs themselves. Loss of Jak/Stat signaling in ISC can rescue the Yki overexpression phenotype (Karpowicz et al., 2010; Shaw et al., 2010) . The same as Yap in the mouse (Cai et al., 2010) , Yki is also specifically required in ISCs/EBs for DSS to stimulate ISC proliferation, although Ren et al. found that loss of Hippo signaling in ECS but not in ISC can cooperate with DSS to stimulate ISC proliferation (Ren et al., 2010) .
CONCLUSION
The Hippo tumor suppresser pathway is widely involved in intestinal development, regeneration and tumorigenesis. A full understanding of the Hippo pathway and its interaction with other critical signaling pathways, i.e. Notch, Wnt or Jak/Stat pathways, for maintaining normal intestinal homeostasis and function will shed a new light on therapeutic strategies for the treatment of intestinal diseases.
